1 Many plants emit diverse floral scents that mediate plant-environment interactions and 2 attain reproductive success. However, how plants evolve novel adaptive floral volatiles 3 remains unclear. Here, we show that in the wild tobacco, Nicotiana attenuata, a dominant 4
Introduction 15 One of the major challenges in evolutionary biology is to understand the genetic 16 mechanisms underlying the origin of phenotypic novelties. In flowering plants, floral volatiles 17 are highly diverse and important for mediating ecological interactions between flowers and 18 their visitors, including pollinators, florivores and pathogens 1,2 . In contrast to ubiquitous floral 19 volatiles that are involved in the full spectrum of plant-pollinator interactions among different 20 plant species 3 , species-specific floral volatiles likely evolved as the consequence of local 21 adaption 4, 5 . Although many of these species-specific floral volatiles are considered as novel 22 adaptive traits in plants, how did they evolve remains largely unclear. 23 Benzyl acetone (4-phenylbutan-2-one; BA), a dominant nocturnal floral volatile in the 24 wild tobacco species Nicotiana attenuata 6,7 , is known to attract hawkmoth pollinators such as 25 Manduca sexta for outcrossing 8-10 and simultaneously deter feedings from the florivore 26 Diabrotica undecimpunctata 11 . Intriguingly, BA was not found in other Nicotiana species 12 , 27 suggesting that BA is a species-specific floral volatile that underwent rapid evolution. 28 Previous studies have shown that a chalcone synthase (NaCHAL3) is involved in the BA 29 biosynthesis, as silencing this NaCHAL3 resulted in reduced BA emissions in N. attenuata [8] [9] [10] . 30 However, the biosynthetic machinery of BA and its evolution remain a mystery. 31 To identify genes involved in floral BA biosynthesis, we conducted QTL mapping, gene 32 co-expression network analysis and genetic manipulations. We demonstrated that floral BA is 33 synthesized from L-phenylalanine via three enzymes: phenylalanine ammonia-lyase 4 34 (NaPAL4), isoflavone reductase 3 (NaIFR3), and NaCHAL3. Comparative and evolutionary 35 analyses among closely related species further suggest that the species-specific floral BA 36 emission is resulted from a recent gain-of-expression in corolla limb in NaIFR3, a gene that 37 originated before the divergence of Nicotiana. This study provides an example that novel 38 metabolic pathways can arise via re-configuration the expression of existing genes. 39 40 Results and discussion 41 NaPAL4 is required for the biosynthesis of BA in N. attenuata flowers. 42 To identify the genetic basis underlying the variation in floral BA emissions, we 43 performed quantitative trait loci (QTL) mapping using a N. attenuata advanced intercross 44 recombinant inbred line (AI-RIL) population 13 , which was developed by crossing two inbred 45 lines (AZ and UT) that differ in floral BA emissions (p = 0.0047, Figure 1A ). By measuring 46 the floral BA emission among individuals in the AI-RIL population, we identified one QTL 47 locus on linkage group 5 ( Figure 1B ) that is significantly associated with floral BA emission. 48 Because the genome of N. attenuata remains fragmented, to identify the candidate genes, we 49 compared the corresponding genomic information of the identified QTL in N. attenuata and 50 their syntenic genome annotations in Petunia. We found two homologous of phenylalanine 51 ammonia-lyase (PAL) genes located at the corresponding QTL region. The PAL enzyme is 52 involved in converting L-phenylalanine to trans-cinnamic acid (t-CA), which is the first step 53 of most benzenoid metabolisms in Petunia 14 . 54 To further examine whether BA is synthesized from L-phenylalanine, we stem-fed N. 55 attenuata inflorescences (UT genotype) with deuterium-labeled phenylalanine (L-phenyl-d5-56 alanine) and measured floral BA emissions. In comparison to controls (water), the plants fed 57 by L-phenyl-d5-alanine emitted significantly more BA (p = 0.007, Figure 1C ). Furthermore, 58 mass-spectrum analysis revealed that inflorescences feeding with L-phenyl-d5-alanine 59 resulted in the occurrence of deuterium-labeled BA ( Figure 1D ), suggesting BA is synthesized 60 from L-phenylalanine. 61 In the N. attenuata genome, we found four NaPAL candidates (NaPAL1-4). To examine 62 the enzymatic activities of these NaPALs in vitro, we heterologously expressed NaPAL1-4 in 63 Escherichia coli. The results showed that all four NaPALs converted the substrate L-64 phenylalanine into t-CA in vitro (Figures S1A-S1F). We then compared the transcript 65 abundance of these four candidates in the corolla limb, the tissue that is responsible for the 66 emission of BA 6 , between the two parental lines that were used to generate the AI-RIL (UT 67 and AZ). While the transcript abundance of NaPAL1/2/3 in the corolla limb is similar between 68 AZ and UT (Figures S1G-S1I), NaPAL4 was only transcribed in UT but not in AZ (p < 0.001, 69 Figure 1E ). Further southern blot analysis showed that NaPAL4 was absent in the AZ genome 70 (Figures S1J and S1K). 71 To determine the function of NaPAL4 in vivo, we specifically silenced the expression of 72 each NaPAL in N. attenuata UT plants using virus-induced gene silencing (VIGS) (Figure 73 S1L) and measured their floral BA emission, respectively. Although NaPAL1/2/3/4 could all 74 convert L-phenylalanine into t-CA in vitro, only NaPAL4-silenced plants showed reduced 75 floral BA emissions (p < 0.001, Figures 1F and S1M). Moreover, kinetic gene expression 76 analysis of NaPAL1-4 in eight different organs showed that NaPAL4 had the highest transcript 77 abundance in the corolla limb at ~ 20:00 (Figures S1N-S1Q), which is consistent to its role in 78 BA biosynthesis. Additional analysis on the subcellular localization of NaPAL4 showed that 79
NaPAL4 is localized to the endoplasmic reticulum membrane (Figures S1R-S1U), which is 80 similar to many other phenylpropanoid biosynthesis-related PALs 15 . Taken together, these 81 results suggest that the BA biosynthesis in N. attenuata requires NaPAL4-mediated conversion 82 of L-phenylalanine to t-CA. 83 84
NaIFR3 is co-transcribed with NaPAL4, NaCHAL3 and necessary for BA biosynthesis. 85 Because t-CA has an extra carbon-carbon double bond in comparison to BA, we 86 hypothesized that a reductase that removes the double bond is involved in the BA biosynthesis 87 in N. attenuata (Figure 2A ). To test this hypothesis, we first searched for the genes that are 88 co-expressed with NaPAL4 using our previously established Nicotiana attenuata datahub 89 platform 16 . In addition, since previous study showed that a chalcone synthase, NaCHAL3 90 (renamed from NaCHAL1 to NaCHAL3 according to phylogenetic analysis in this study), is 91 involved in the BA biosynthesis 8 , we also included NaCHAL3 in the gene co-expression 92 analysis. Among all co-expressed genes, NaIFR3, which structurally belongs to the family of 93 NADPH-dependent reductases 17 , showed a similar corolla limb-specific expression to both 94
NaPAL4 and NaCHAL3 ( Figure 2B ). A kinetic of the transcript abundance showed that 95
NaPAL4, NaIFR3 and NaCHAL3 are all highly transcribed in the night ( Figure 2C ), which is 96 consistent to the nocturnal floral emission of BA 6,11 . 97
To examine the function of NaIFR3 in vivo, we specifically silenced the expression of We then compared the transcript abundance of NaIFR3 between AZ and UT in corolla 103 limbs. Interestingly, while NaIFR3 was highly transcribed in UT, it is only transcribed at the 104 basal level in AZ (p < 0.001, Figure S2B ). Further southern blot analysis showed that the low 105 transcript abundance of NaIFR3 in AZ is not because of a gene loss ( Figure S2C ). Because 106 only one locus was found in the QTL mapping, it seems likely that NaPAL4 and the cis-or 107 trans-regulator that resulted in differences in the transcript abundance of NaIFR3 are co-108 located. 109 Due to the difficulties to obtain a stable substrate, it is challenging to directly examine 110 the biochemical function of NaIFR3 in vitro. Therefore, we directly examined the function of 111
NaIFR3 by ectopically expressing NaIFR3, NaPAL4 and NaCHAL3 in N. attenuata leaves, 112 either individually or in combinations. At 48 hours after transformation, ectopic transcript 113 abundance of NaPAL4, NaIFR3 and NaCHAL3 and foliar BA emission were measured in the 114 transformed N. attenuata rosette leaves. The results showed that ectopic expression of 115
NaIFR3 alone is already sufficient for low-levels of foliar BA emission ( Figure 3A) , 116 suggesting that other components of BA biosynthesis already exist in N. attenuata leaves. 117 Consistently, in N. attenuata leaves, we found a relatively high transcript abundance of 118 NaPAL1 and 2 (Figures S1N and S1O) both showing in vitro the ability to convert L-119 phenylalanine into t-CA (Figures S1C and S1D) and we observed transcripts of NaCHAL3 120
( Figures 2B and S2K ), albeit in low abundance. Further co-expression of NaIFR3 with 121 NaPAL4 and NaCHAL3 in N. attenuata leaves, either in pairwise combinations or all three 122 together, significantly increased BA emission in comparison to expressing NaIFR3 alone 123 ( Figure 3A) . These results revealed that NaIFR3 is required for BA biosynthesis in N. 124 attenuata and co-expression of NaPAL4, NaIFR3 and NaCHAL3 in leaves is sufficient for 125 ectopic foliar BA emission. 126 127
Independent expression changes of NaPAL4, NaIFR3 and NaCHAL3 resulted in 128 intraspecific variations of floral BA emission. 129 To further investigate the genetic mechanisms underlying natural variations of floral BA 130 emission in N. attenuata, we measured the transcript abundance of NaPAL4, NaIFR3 and 131
NaCHAL3 and the floral BA emission among 22 natural accessions (Table S3 ) that had been 132 re-sequenced with low coverage. Overall, the variations in floral BA emission and the 133 transcript abundance of NaPAL4, NaIFR3 and NaCHAL3 did not show a clear correlation 134 with their genetic distance that was calculated using genome-wide SNPs ( Figure 3B ). This 135
suggests that the variations of floral BA emission were not a result from historic demographic 136 changes of N. attenuata, but likely due to variations of local adaptations to pollinators or 137 florivores 18 . Furthermore, expression changes in NaPAL4, NaIFR3 and NaCHAL3 were also 138 not correlated among genotypes, indicating that changes in the expression among these genes 139 were largely independent. 140 We then estimated the extent to which the expression changes of each of the three genes 141 contributed to the natural variation of floral BA emissions in N. attenuata. The results showed 142 that the changes in the transcript abundance of NaPAL4, NaIFR3, NaCHAL3 and all three 143 genes together could explain ~38%, ~50%, ~70% and ~85% of the floral BA emission 144 variance among the 22 accessions, respectively ( Figure 3C ). In contrast, variations in 145 NaPAL1, 2, 3 and 1-3 together, which are likely not involved directly in the floral BA 146 biosynthesis, can only explain ~11%, ~5%, ~10% and ~15% of the floral BA emissions, 147 respectively ( Figure S2E ). Together, these results suggest that the intraspecific variations in 148 the floral BA emission in N. attenuata largely resulted from independent changes in the 149 expression of each of its biosynthetic genes. 150 151
Gain-of-expression in NaIFR3 resulted in the BA biosynthesis in N. attenuata. 152 Based on both the in vivo functions and the putative enzymatic activities of NaPAL4, 153 NaIFR3 and NaCHAL3, we derived a possible BA biosynthesis pathway in N. attenuata 154 ( Figure S3A ). It is also possible that NaCHAL3 might act earlier than NaIFR3 in the pathway. 155 However, a previous study in Rheum palmatum showing that the benzalacetone synthase 156 (BAS), which shares 70% amino acid sequence similarity to NaCHAL3, catalyzes the one-157
step decarboxylative condensation of 4-coumaroyl-CoA with malonyl-CoA to produce a 158 diketide benzalacetone 19, 20 . Therefore, it is likely that NaCHAL3 is the enzyme that is 159 responsible for the final product of BA emission. 160 To investigate the evolution of floral BA biosynthesis in N. attenuata, we first performed 161 phylogenomic analysis using the available genomic data and analyzed the evolutionary 162 history of NaPAL4, NaIFR3 and NaCHAL3. The results showed that NaPAL4 originated 163 before the whole genome triplication (WGT) that was shared among Solanaceae species 164 ( Figures 4A and S3B) , while NaIFR3 and NaCHAL3 originated from gene duplications that 165 are specific to the Nicotiana genus ( Figures 4A, S3C and S3D). The duplicated copies of 166 NaPAL, NaIFR and NaCHAL all showed expression divergence, both among tissues and in 167 their temporal dynamics (Figures S1N-S1Q and S2F-S2K). Together, these results suggest 168 that the BA biosynthesis resulted from recruiting both ancient and recent duplicated genes. 169 Because N. sylvestris is the most closely related species to N. attenuata that has its 170 genomic sequence available, phylogenomic analysis is limited to the time before speciation 171 between N. sylvestris and N. attenuata ( Figure 4A ). To gain more insights into the evolution 172 of BA biosynthesis after this speciation event, we further analyzed the floral volatiles in seven 173 closely related Nicotiana species ( Figures 4B and 4C ). Consistent with a previous study 12 , BA 174 was only found in N. attenuata ( Figure 4C ). 175 We amplified and sequenced the cDNA of IFR and CHAL among the seven Nicotiana 176 species. Phylogenetic analyzes of the cDNA sequences of IFR and CHAL among these closely 177 related species were consistent to the analysis based on the genomic sequences: NaIFR3 178 originated in the ancestor of N. attenuata and N. obtusifolia (~12.5MYA) 21 and NaCHAL3 179 occurs specifically in the clade of Petunioides (~9.1 MYA) 22 . 180 We further analyzed the expression kinetics of NaPAL4, NaIFR3 and NaCHAL3 in the 181 corolla limb of all seven species. Interestingly, like in N. attenuata, NaPAL4 showed a high 182 transcript abundance at 20:00 among all species ( Figure 4D ) and NaCHAL3 was highly 183 transcribed at 20:00 among the four species of Petunioides. This indicates that NaPAL4 and 184
NaCHAL3 might be involved in other floral metabolic pathways in the different Nicotiana 185 species. However, although NaIFR3 existed in all four species of Petunioides, it was only 186 transcribed in N. attenuata corolla limbs and showed evening-specific expression pattern. 187 Because NaIFR1/2, the ancestor/homologs of NaIFR3, were expressed either in styles, stems 188 or leaves, the corolla limb expression of NaIFR3 is likely due to a tissue-specific gain-of-189 expression event. The event either specifically occurred in N. attenuata or in the ancestor of 190 Petunioides then only maintained in N. attenuata. Together, these results suggest that tissue-191 specific gain-of-expression in an existing gene, NaIFR3, have resulted in the evolution of the 192 BA biosynthesis that mediates both pollinator attraction and florivore deterrence. 193 In summary, this study demonstrated that a new adaptive metabolic pathway in plants can 194 arise from expression changes in a single gene. Such mechanism underlying the emergence of 195 new metabolic pathways that mediate key ecological interactions might not only explain the 196 evolution of amazing diversity of specialized metabolites in plants 23, 24 , but also highlight the 197 potential for breeding eco-friendly crops via metabolic engineering. Methods 200 Plant material. The N. attenuata Utah (UT) and Arizona (AZ) wild type seeds were 201 originally collected from plants growing in a large natural population near Santa Clara, Utah, 202 USA 25 , and a 20-plant population near Flagstaff, Arizona, USA 26 . They were inbred for 31 203 and 22 generations, respectively, in the glasshouse. Seeds of the G2 accession were collected 204
in Utah as described in 27 . Additional natural accessions were collected by Ian T. Baldwin 205 throughout the southwestern United States and inbred for one generation in the glasshouse 28 . 206 To develop the AI-RIL population, UT and AZ were first crossed to generate F1 plants, which 207
were then self-fertilized to generate 150 F2 plants. From F2 to F6, in each generation, we 208
intercrossed ~150 progeny using a random mating and equal contribution crossing design 29 . 209 For generation F7, two seeds from each of the crosses at F6 were germinated and used for the 210 single-seed descendent inbreeding process. In total, five generations of inbreeding were 211 conducted. 212 213
Plant growth. All seeds were germinated following the protocol described by Krügel all open flowers in the morning (7:00-9:00) of the day of volatile trapping. For each biological 223 replicate, one freshly opened flower was taken out of the plant at 20:00 and incubated with 224 polydimethylsiloxane (PDMS) tubes in a sealed 8 mL glass vial (MACHEREY-NAGEL) 33 . 225 To measure foliar BA emission, a transformed rosette leaf of N. attenuata was taken and 226 incubated with PDMS tubes in a sealed 8 mL glass vial (MACHEREY-NAGEL). 227 228
Volatile analysis by TD-GC-MS. PDMS tubes were placed in an autosampler with thermal 229 desorption unit (TDU; TD-20, Shimazu), which was connected to a quadruple GC-MS (QP-230 2010-Ultra, Shimazu) for analysis. Specifications for desorption conditions, the used columns 231 and the spectra reading and identification, were as described by Kallenbach et al. 33 and 232 Schuman et al. 34 . For all of the volatiles, a 1:100 split was used to avoid overloading the 233 detector. 234 235
Isotope-labeled phenylalanine feeding assay. Shoots with mature flower buds from UT 236 plants (50 days after germination) were cut, inserted into a falcon tube (50 mL) and fed with 237 either 10 mM L-phenyl-D5-alanine (Sigma-Aldrich, Cat# 615870) or water for 24 hours, 238 respectively. 239 240
Heterologous expression and enzyme assays of NaPAL1-4. The E. coli strain BL21 Star 241 (DE3) (Thermo-Fisher) was used for expression of the complete open reading frames of 242 NaPAL1-4. Since expression of native NaPAL4 yielded no protein, a codon optimized version 243 was synthesized and used for enzyme characterization. Cultures were grown at 37°C, induced 244 at an OD600 = 0.6 with 1 mM IPTG, subsequently placed at 18°C, and grown for another 20 245 hours. The cells were collected by centrifugation and disrupted by freezing in liquid nitrogen 246 and following thawing (five times) in chilled extraction buffer (50 mM Tris-HCl, 500 mM 247 NaCl, 20mM Imidazole, 10% Glycerol; 1% Tween20; pH8,6). Cell fragments were removed 248 by centrifugation at 14,000 g, the supernatant was purified with HisPur Cobalt Resin 249 (Thermo-Fisher), and the purified proteins were concentrated with Amicon Ultra-0. fragments that were used for VIGS (primer pairs listed in Table S1 ) were radiolabeled with 282
[α-32P] dCTP (Perkin-Elmer) using the Rediprime II DNA Labeling System (GE Healthcare) 283 according to the manufacturer's instructions. The blot was washed twice at high stringency 284 (0.1× SSC and 0.5% SDS for 20 min). Membranes hybridized with radioactive probes were 285 exposed for 12 hours to a phosphor screen (FUJIFILM imaging plate, BAS-IP MS 2340) in 286 FUJIFILM BAS cassette 2340. Then the phosphor screen was scanned by Fujifilm FLA-3000 287 fluorescence laser imaging scanner for visualization. NaCHAL3 reporter fusions were carried out as described by Earley et al. 36 . The open reading 292 frame encoding these genes were amplified and introduced into intermediate pENTR plasmid 293 (Thermo-Fisher, Cat# K240020) and then introduced into pEarleyGate 104 to generate YFP 294 fusion constructs. The used primers are listed in Table S1 . Recombined plasmids were then 295 transformed into Agrobacterium tumefaciens strain GV3101 for subsequent plant 296 transformation. Leaves of 3-weeks old N. attenuata plants were co-infiltrated with A. 297 tumefaciens cells containing different plasmids. To detect the localization of NaPAL4, 298
35S::XA10-CFP was co-transformed with NaPAL4 and to generate endoplasmic reticulum 299 (ER)-specific CFP fluorescent signal 37,38 . Fluorescence was visualized 48 h following the 300 inoculation with a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss). 301 302
Phylogenetic tree construction. The phylogenetic relationship among 22 N. attenuata 303 accessions was constructed using genome-wide SNP data. In brief, each accession was 304 sequenced in low coverage (5-10 X) using Illumina HiSeq 2000 (pair-end). The short reads 305 were mapped to N. attenuata reference genome 21 using BWA-mem 39 . Genome-wide variants 306 were called using GATK pipeline. VCFtools 40 was used to remove non biallelic variants, 307 reads coverage less than 1 or greater than 1000, missing data in more than 40% of accessions, 308 minimum SNP quality less than 30, mapping quality less than 50 and indels. BCFtools 41 was 309 used to prune SNPs in linkage (if two SNPs in a 1000kb window have their r 2 > 0.5 were 310 discarded). This resulted in 157,833 high quality SNPs. These SNPs were used for building 311 phylogenetic tree using RAxML-NG (v0.9.0) 42 with 100 bootstraps. The best tree inference 312 model "TVM+G4" was estimated by modeltest-NG 43 . To construct the phylogenetic tree of 313 PAL4, IFR3 and CHAL3, we used the Fishing Gene Family pipeline 44 with minor 314 modifications. In brief, the protein sequence of each of the three gene was used as the bait and 315 genomic sequences of different Solanaceae species were used as the database. The extracted 316 exon sequences were then aligned using GeneWise and the phylogenetic tree was constructed 317 using PhyML (v3.3.3) 45 first estimated based on pedigree information. The peak area of each compound was log-325 transformed. Samples with missing genotype or phenotype information were removed. In 326 total, 207 samples were used for QTL mapping. Then the variance of the traits within the 327 population was estimated via "estVC" and missing information of the genotypes was imputed 328 using the function "genoImpute". The estimated trait variance and imputed genotypes were 329 then used for the genome-wide scan. The empirical threshold was estimated based on 500 330 permutations. The additive and dominant effects of the candidate QTLs were estimated by 331 fitting a multiple QTL model using the function "gls". 332 333
Quantitative RT-PCR. Total RNA was isolated using the RNeasy Plant Mini Kit (QIAGEN, 334 Cat#74903), and 1000 ng of total RNA were reverse transcribed using the PrimeScript RT- 335 qPCR Kit (TaKaRa, Cat#RR037B). At least four independent biological replicates were 336 collected and analyzed. RT-qPCR was performed on the Stratagene 500 MX3005P using a 337 SYBR Green reaction mix (Eurogentec, Cat#10-SN2X-03T). The primers used for mRNA 338 detection of target genes by RT-qPCR are listed in Table S1 . The mRNA of N. attenuata 339 elongation factor (NaEF) was used as internal control. 340 341
Proportion of BA emission variance explained by gene expression levels among natural 342 accessions. To analyze the correlation between floral BA emission and transcripts level of the 343 three candidate genes among 22 N. attenuata natural accessions, we firstly applied square root 344 transformation followed by Z-Score normalization with "scale" function in R (https://cran.r-345 project.org). Then linear regression models were used to fit the transformed data. We used 346 floral BA emission as response variable and transcript abundances of each gene as 347 independent variable using the "lm" function in R. 348 349
Data availability. The data generated or analyzed during the current study are included in this 350 published article (and its Supplementary Information) or are available from the corresponding 351 author on reasonable request. d5-alanine (D5-Phe.) feeding on UT for 24 hours. Extracted-ion chromatogram, EIC. 361 (D) Transcript abundance of NaPAL4 (mean ± SE, n = 4) in corolla limb is different between 362 UT and AZ genotypes. Corolla limb samples were harvested at 20:00. Transcript abundance 363 was analyzed by RT-qPCR and relative to elongation factor gene in N. attenuata (NaEF). 364 (E) In comparison to VIGS-EV plants, the levels of nocturnal floral BA emission (mean ± SE, 365 n = 8) of VIGS-NaPAL4 plants were significantly lower. 366 For (A), (C) and (E), the trapping of floral BA was performed for 12 hours from 20:00 to 367 8:00. putative steps and the putative corresponding enzymes are shown in grey. 374 (B) NaPAL4, NaIFR3 and NaCHAL3 (mean ± SE, n = 4) are co-transcribed abundantly in 375 corolla limb. Transcript abundance was analyzed by RT-qPCR. Different tissues were 376 harvested at 20:00. The transcript abundance of each gene is relative to NaEF and normalized 377 (normalized as X' = X/Xmax) among different tissues. 378 (C) Emission kinetics of floral BA (mean ± SE, n = 8) are consistent to kinetics of NaPAL4, 379 NaIFR3 and NaCHAL3 transcription in corolla limb (mean ± SE, n = 4). The trapping of 380 floral BA was performed for the periods of 4 hours, e.g. 8:00-12:00, 12:00-16:00 and so on. 381 Corolla limb samples were harvested every 4 hours, e.g. 8:00, 12:00 and so on. Transcript 382 abundance of each gene was analyzed by RT-qPCR and relative to NaEF and normalized 383 (normalized as X' = X/Xmax) among different time points. 384 (D) In comparison to VIGS-EV plants, the levels of nocturnal floral BA emission (mean ± SE, 385 n = 8) of VIGS-NaIFR3 plants were significantly lower. The trapping of floral BA was 386 performed for 12 hours from 20:00 to 8:00. P values were calculated using Student's-t tests. representing the normalized transcript abundances of NaPAL4, NaIFR3 and NaCHAL3 399 (relative to NaEF and normalized as X' = X/Xmax among different transformations), 400 respectively. + or -, presence or absence of the respective transgene. 401 (B) Heatmap representing the transcript abundances of NaPAL4, NaIFR3, NaCHAL3 and 402 nocturnal floral BA emission in 22 N. attenuata natural accessions. The phylogenetic tree of 403 the 22 accessions on left panel was built based on their genomic sequences. Numbers on 404 branches indicate the bootstrap percentage values calculated from 100 replicates, and only 405 values greater than 50% are shown. The transcript abundance is relative to NaEF and 406 normalized as X' = X/Xmax among different accessions. The trapping of floral BA was 407 performed for the 12 hours from 20:00 to 8:00. 408 (C) Relationship between floral BA emission and transcript abundance of NaPAL4, NaIFR3 409 and NaCHAL3 in 22 natural accessions. The y-axis denotes the proportion of BA variation 410 that could be explained by the changes of genes' transcription. 411 was started at 8:00 and was performed for 24 hours. Total ion current, TIC. 422 (D) Kinetic of the transcript abundance of NaPAL4 (left panel), NaIFR3 (middle panel) and 423
NaCHAL3 (right panel) in corolla limbs among seven Nicotiana species. Transcript 424 abundance (mean ± SE, n = 4) was analyzed by conserved primers and RT-qPCR. The 425 transcript abundance of each gene is relative to NaEF and normalized (normalized as X' = 426 X/Xmax) among different species in kinetics. When the gene could not be identified from 427 either genomic data or homologous cloning, we labeled the expression as NA (not available). 428
